Large basis untruncated shell model calculations have been done for the A=138 neutron -rich nuclei in the π(gdsh) ⊕ ν(hf pi) valence space above the 132 Sn core. Two (1+2) -body nuclear Hamiltonians, viz., realistic CWG and empirical SMPN in this model space have been used. Calculated ground state binding energies, level spectra and other spectroscopic properties have been compared with the available experimental data. Importance of untruncated shell model calculations in this model space has been pointed out. Shell model results for the very neutron rich Sn isotope ( 138 Sn, N/Z=1.76) of astrophysical interest for which no spectroscopic information except β -decay half life is available, have been presented. Shell structure and evolution of collectivity in the even-even A=138 isobars have been studied as a function of valence neutron and /or proton numbers. Calculations done for the first time, reproduce remarkably well the collective vibrational states in 138 T e and 138 Xe. Comparison of some of the important two-body matrix elements of the empirical SMPN, CW5082 and the realistic CWG interactions has been done. These matrix elements are important for ground state binding energies and low-lying spectra of nuclei in this region. Consideration of the predictability of the two interactions seems to suggest that, in order to incorporate the special features of the N-N interaction in such exotic n-rich environment above the 132 Sn core, the use of local spectroscopic information from the region might be essential.
Theoretical studies in the framework of nuclear shell model (SM) have been done [7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18] recently for these nuclei above the 132 Sn core in the valence space consisting of π(1g 7/2 , 2d 5/2 , 2d 3/2 , 3s 1/2 , 1h 11/2 ) and ν(1h 9/2 , 2f 7/2 , 2f 5/2 , 3p 3/2 , 3p 1/2 , 1i 13/2 ) orbitals. These SM calculations using realistic [9, 13, 14, 18] and empirical [7, 8, 10, 11, 12, 15, 16, 17] interactions in this valence space yield remarkably good results for some of the isotopes of Sn, Sb, Te, I, Xe, Cs. The empirical SMPN [8, 10] interaction, applied for all the nuclei in the range 134 ≤ A ≤ 138
and 50 ≤Z≤ 56 are found to be highly successful [10] in predicting particularly the ground state spin-parities, binding energies, level spectra and electromagnetic transition probabilities. In a recent work [10] we have identified that a mild collectivity appears in the 137 I, T e [19, 20] nuclei with N = 84 and 85, respectively. The spectra of 138 T e [21] , 138 Xe [22] and 139 I [23, 24] also showed good vibrational characteristics. Because of the computational limitations we then studied the evolution of collectivity in the odd-A nuclei for N=84-87
with Particle-Rotor Model [25] and indicated the role played by the valence protons and neutrons in them. The role of the valence protons and neutrons have been also studied in the context of the structure of 138 I and 138 Cs [16, 17] . It has been found that the single particle behaviour persists for nuclei with neutrons only in the valence space up to at least N=87. The calculated results for the spectroscopic information on 136,137 Sn, Sb isotopes have been reported already in Ref. [10, 12] . The present work is motivated to discuss the results of untruncated shell model calculations over the π(gdsh) ⊕ ν(hf pi) valence space on the spectroscopic properties of the A=138 even-even isobars and to study the evolution of collectivity in these nuclei using the code OXBASH [26] . It is expected to reveal the role of valence nucleon species on the evolution of collectivity. The other motivation is to compare the results of SM calculations with SMPN interaction [10] with those with the CD-Bonn potential based realistic CWG [14] interaction used in this region. The theoretical results have also been compared with the experimental data, wherever available. We have then compared the two sets of two -body interaction matrix elements to gain insight in to the N-N interaction for this n-rich environment.
II. SHELL MODEL RESULTS AND DISCUSSIONS
The calculations were carried out in the z50n82 model space with the SMPN [10] and CWG Hamiltonians [14] using the code OXBASH [26] .
We started [27] our shell model calculations for the 138 Sn nucleus in a slightly truncated space excluding the intruder 1i 13/2 neutron orbital. This was done on the observation of very small (2-5%) contributions of particle-partitions involving this orbital in the 136−137 Sn wavefunctions. No signature of any collective feature of the states was found with the increasing neutron number in the N=84-88 isotopes of Sn. Shell model results with the SMPN (1+2) body Hamiltonian were encouraging for these n-rich Sn isotopes. It was noted that an estimate [23] of the energy of the first 2 + excited state in 136 Sn was at 600 keV. The calculated result for this was at 578 keV. Similarly, the systematically estimated [23] energy value of the 11/2 + level in 137 Sn was ≈ 600 keV and the calculated value was 550 keV.
The estimated [23] energy of the second 5/2 + level in 137 Sb was also closer to the calculated result at 773 keV.
With the availability of the window version of the OXBASH [26] and Nushell@MSU [28] codes, it became possible for us to perform untruncated shell model calculations including the ν1i 13/2 orbital, for all the A=138 isobars with six valence particles in the large basis space of 76 single particle states mentioned above. The effect of the inclusion of this intruder orbital in the model space has been presented in (Fig.2) . However these values agree with the feature observed for even -even (e-e) Sn isotopes below the 132 Sn core.
For CWG, the E(2 + 1 ) excitation energies for all the even-even Sn isotopes with N≥ 84 are almost constant similar to those below N=82. Only difference is that the bunching of E(2 
B. Sn isotopes
We now address the issue of the evolution of collectivity in the even-even 134−138 Sn isotopes using SMPN [10] and CWG interactions from B.A. Brown et al. [14] . In Table II ) has drawn the attention of the community [5, 8, 10, 29] . Terasaki et al. [5] have traced this anomalous behaviour in the Te isotopes to a reduced neutron pairing above the N=82 shell gap. This is consistent with the reduced diagonal n-n tbmes of the SMPN interaction [8, 10] It has been pointed out in one of the recent work [25] that there are indications that the appearance of collectivity in the yrast levels occurs for nuclei with more than one neutron and proton in the valence space above the 132 Sn core. But it is still not very clear how the onset and evolution of collectivity in these n-rich nuclei exactly depend on the number of valence neutrons and protons. So a microscopic investigation using shell model is indeed necessary and useful.
C. Even-even A=138 isobars
We have studied the locus of evolution [21] of collectivity as a function of neutron and proton numbers. Our observation regarding this issue of evolution of collectivity in the lowlying yrast states in all the nuclei in range (Z=50-56, N=82-88) above the 132 Sn core has been reported in ref. [32] . It is found that for nuclei with more than one neutron and one proton in the valence space, mild deformation appears at N=84, 85, i.e. even before N=87, and deformation / collectivity grows with increasing N and Z.
Shell model results for the 138 I, Cs nuclei have already been discussed elsewhere [16, 17] .
These odd-odd isobars have excitation spectra, which are characteristic of spherical nuclei.
Here the results for only the even-even A=138 isobaric series above the Table III . Calculations for 138 T e with 2 protons and 4 neutrons involve matrices of largest dimensions for a particular spin state.
Excitation spectra
For all these A=138 nuclei, except 138 Sn, excitation spectra are known. Calculated energy eigenvalues of the level spectra using both SMPN and CWG Hamiltonians are compared with the experimental data in Figs ) value, the spectrum appears to be vibrational. But closer inspection reveals that the spacing between yrast levels (E I+2 -E I ) increases, although not exactly proportional to I (or from the plot of E I vs I(I+1) (not shown)). Thus 138 T e is not a strongly deformed nucleus but lies in the transitional region between spherical 136 T e and prolate deformed 139,140 T e [21, 33] . It is interesting to mention here that the 137 T e spectrum shows a kind of regularity [20] , and the spectrum of 139 I was interpreted as characteristic of a spherical vibrator resulting from a weak interaction of the 138 T e core with the odd proton. We may thus term the spectrum of 138 T e as almost [35] .
The SMPN set of 2-body matrix elements can also reproduce rather well the 6 − isomer in 138 Cs [17] . Interestingly, no other interaction that we have used, viz., KH5082, CW5082, For CWG, this deficiency for nuclei with more valence protons than neutrons, can perhaps be attributed to the over binding of some of the most important π −π tbmes (to be discussed in Section III). Similarly, in SMPN, some important diagonal ν − ν tbmes still show slight over binding. Better prediction by SMPN is definitely due to the fact that at least some of its important tbmes contain empirical information appropriate to this exotic neutron-rich locality. We shall discuss it further in a following section.
Wave functions and B(E2) values
The structure of the wave functions of different spin states for the four isobars are compared in Table V and Figs (9-14) . These results are obtained using both the SMPN and CWG interaction. The extent of configuration mixing involved in each yrast state up to
10
+ for these isotopes are compared in Table V . We have tabulated (i) S, the sum of contributions from particle partitions each of which is contributing greater than 1.00%, (ii)
M, maximum contribution from a single partition, (iii) N, total number of partitions contributing to S. Larger extent of configuration mixing usually leads to larger deviation of S from 100%. Similarly as mixing increases, M, i.e., the maximum contribution from a single partition gradually decreases. Increase in N also indicates larger mixing. From the table it can be found that CWG predicts more configuration mixed structure for the states in A=138 isobars compared to that predicted by SMPN. Figs. 9-12 show the occupancy plots for yrast states in each of these nuclei with both interactions. As the figures show, multiplet structure with ν2f 6 7/2 is more clear in SMPN results (Fig.9) for 0 + to 6 + state in 138 Sn.
In Fig.9 , with CWG, increase in contributions from ν3p 3/2 , ν2f 5/2 and ν1h 9/2 orbitals is observed. For Te, although the mixing increases compared to Sn with SMPN, CWG still show larger extent of mixing. Similar result is obtained for 138 Xe. The B(E2) peaks at Xe in both SMPN and CWG results (Table VI) . Interestingly, for Ba, the two interactions give, except for the binding energy, more or less the same results both with respect to the energy spectrum (Fig. 8) Although, the B(E2) value for 138 Ba is in the range of vibrational collective excitations and the extent of configuration mixing is much larger than that in 138 Sn, however, considering the overall feature of the spectrum, occupancy plots (Fig.12) , the wave function structure (Table V, is generated by the contributions from all the various sps (Fig. 14) . But, for 138 Sn, (Fig.9) the occupancy plots clearly show the dominance of the contribution from a single orbital, For microscopic understanding of the available data on the structure of these very n-rich nuclei, one finds spherical shell model calculations very suitable for this region and thus needs appropriate nuclear Hamiltonian. Available KH5082 and CW5082 Hamiltonians and very recently effective interaction derived from CD-Bonn potential are being used. In our earlier work [7] we have shown that CW5082 Hamiltonian works reasonably well for N<84 isotones but fails for N≥84 isotones.
Our work in Ref. [10] , following the method of Chou and Warburton [37] is perhaps the first somewhat elaborate empirical approach to improve upon the existing Hamiltonian appropriate for this particular region. We used the available experimental data for the A=134 Sn, Sb and Te nuclei available then. As mentioned above, our earlier studies showed that CW5082 is reasonable for N<84. So we started with CW5082 and modified it as far as practicable with the limited experimental data available at that point of time. The motivation for these changes was also clearly stated in Ref. [10] . All the single particle energies (spes) of the valence orbitals in the CW5082 were replaced by experimentally determined ones, except the π3s 1/2 and ν1i 13/2 spes (Table VII) . These two spes were obtained as stated in
Ref. [10] . Out of 2101 two-body matrix elements, 26 tbmes of CW5082 interaction were changed using the data on the binding energies of the ground states and low-lying spectra of the A=134 isobars of Sn, Sb and Te nuclei only and not any other nuclei above the core.
It should be noted that these A=134 nuclei provide information on the neutron-neutron (ν − ν), proton-neutron (π − ν) and proton-proton (π − π) tbmes, respectively. Modified CW5082 was named as SMPN and have been used for shell model calculations for almost all neutron-rich nuclei above 132 Sn core in the range 134≤A≤138. Some of the results have been presented in [10, 15, 16, 17] . It should be mentioned that the new interaction predict better results, compared to CW5082 and other interactions being used in this region, for N<84 nuclei too. The relevant spes and tbmes of CW5082, CWG [14] and SMPN are compared in Tables VII and VIII, respectively.
It was already pointed out by Chou and Warburton [37] that a glaring deficiency in KuoHerling interaction, which is the basic ingredient of CW5082, is that the neutron-neutron J=0 tbmes are too attractive. So for an approximate adjustment of this defect those tbmes were multiplied by 0.6 in KH5082 and CW5082 [37] . Six diagonal ν − ν tbmes with (J π , T) = (0 + ,1) of SMPN are further reduced by about 50% compared to those of CW5082.
The reduction of these tbmes, the so-called pairing terms were obtained [8, 10] by adjusting them to reproduce the binding energy of 134 Sn. Corresponding tbmes of CWG are relatively overbound.
The neutron-neutron J=0 tbmes, the pairing terms, are indeed different from those expected from standard pairing interaction. But in view of the consistently improved predictability of SMPN for the binding energies, level spectra and other spectroscopic properties for almost all the n-rich nuclei in the range 134≤A≤138 as delineated in the present work and elsewhere [10, 15, 16, 17] , it may be reasonable to conclude that the ν − ν pairing terms are indeed reduced in this neutron -rich environment. Moreover, slight over binding of the ground states of Sn isotopes above 132 Sn as obtained with the SMPN Hamiltonian suggests further reduction of these matrix elements, which may be due to increasing A or uncertainties in some of the spes. This reduction of the ν − ν pairing terms observed [8, 10] from the shell model applications is consistent with the recent observations [4, 5] .
Three other modified diagonal ν − ν tbmes with (J π ,T)=(2 + , 4 + , 6 + ,1) are also given in This is because we have assumed purer multiplet structure for 2 + to 6 + and also for 8 All the neutron-proton (π − ν) tbmes in the T=0 channel given in the table have the same phases in these three interactions. But the π − ν tbmes of the SMPN interaction are found to be stronger.
IV. SUMMARY AND CONCLUSIONS
The neutron-rich 132 Sn region is an interesting domain to study the N-N interaction in the neutron-rich environment. Our comparison of the calculated results for the E 2 The relevant tbmes of CW5082 [37] , CWG [14] and SMPN [10] have been compared. and deformation/collectivity grows with increasing N and Z. In SMPN, tbmes scaled from non exotic 208 P b region have been changed by using spectroscopic information of A =134 isobars of Sn,Sb and Te only. Particularly, the diagonal J=0 n-n tbmes, the so called pairing terms, had to be reduced by a factor of 0.288. In CWG too, n-n tbmes have been reduced.
These reduction of n-n pairing interaction is consistent with other recent results as discussed above and seems to be generic for exotic n-rich environments. Comparison of the tbmes of the three interactions enhances the belief that the N-N interaction is indeed different in nuclei in the very n-rich environment than that near the line of stability. 
